C
AROTID endarterectomy (CEA) is an effective means of preventing stroke in appropriately selected patients. [1] [2] [3] [4] Although the incidence of perioperative stroke is low, subtle cognitive changes as revealed by neuropsychological (NP) testing occur in a high percentage of patients following CEA. Several studies have demonstrated improvement, [5] [6] [7] [8] [9] [10] others show no change, 11, 12 and still others demonstrate a decline [13] [14] [15] in postoperative NP performance. Although decline in NP performance may be related to intraoperative hemispheric cerebral ischemia, 16 ,17 microemboli, 18 or subclinical microinfarcts, 13 some decline may be due to the effects of general anesthesia, 19, 20 particularly in older patients. 21 Most previous studies have not controlled for the effects of perioperative variables, such as anesthesia, stress, and pain.
To better characterize the cognitive injury that occurs following CEA, we tested patients before and after surgery using a battery of NP tests to evaluate several cognitive domains to reveal subtle cognitive injury. Furthermore, we defined a group of patients undergoing spine surgery (age, Ͼ60 years) to serve as an appropriate control group to account for the effects of these perioperative variables. 22 This prospective study explores the changes in NP test performance 1 day and 1 month following CEA.
RESULTS
Demographic and intraoperative variables are shown in Table 1 for all patients. Performance on all the NP tests was normally distributed at baseline for patients in the CEA group, including Trails A when 1 outlier was excluded. Because we expected patients with abnormalities of the central nervous system to perform worse than those without injury, it is not surprising that "symptomatic" CEA pa-tients (those who had suffered a previous stroke or transient ischemic attack [TIA] ) performed worse at baseline on all 3 NP examinations compared with the control subjects. 26 In contrast, "asymptomatic" CEA patients performed significantly worse only on Trails A at baseline (P=.03). Therefore, we might also expect symptomatic patients to demonstrate a greater decline in NP performance after surgery than asymptomatic patients. However, a subgroup analysis of patients undergoing CEA showed no significant difference in NP outcome between symptomatic and asymptomatic patients. There was no significant relationship between educational level and NP outcome scores. Three patients in the CEA group had postoperative strokes and were excluded from the analysis. One patient had a postoperative myocardial infarction and was not excluded from the analysis. No significant difference in NP performance was seen between those who had a saphenous vein patch and those who did not.
Postoperative day 1 total deficit scores were significantly worse in the CEA group compared with the control patients ( Table 2 , P = .003). When individual test results were examined (Table 2) , the CEA patients performed significantly worse than control patients on the Rey Complex Figure (P=.006) and Trails B (P=.01). There were no significant differences in performance between patients undergoing right and left CEAs on any of the NP tests. Postoperative day 30 total deficit scores (Table  2) were significantly worse in the CEA group (P=.03) compared with the control patients. When individual test results were examined at the 1-month follow-up (Table  2) To determine a cutoff for significant cognitive dysfunction following CEA, postoperative day 1 total deficit scores were examined in the control group (n=25). Total deficit scores higher than 2 SDs (Ͼ5.46 points) above the mean of the control group (higher points indicated poorer performance) represented significant cognitive dysfunction (Figure, A) . Of the 80 CEA patients, 22 (28%) had significant cognitive dysfunction on postoperative day 1. Only 1 control patient had a postoperative day 1 total deficit score higher than 2 SDs above the mean.
SUBJECTS AND METHODS

SUBJECTS
Eighty-three patients undergoing elective CEA and 25 patients (age, Ͼ60 years) undergoing lumbar spine surgery were recruited to participate in this institutional review board-approved study. We included all patients who were able to perform the NP evaluation in English, and excluded all patients with either a postoperative stroke or pain scores greater than 4 at their first follow-up examination. After written informed consent was obtained, patients were assessed with a battery of NP tests at 3 time points: before surgery (n=108), 1 day after surgery (n=105), and 30 days after surgery (n=65). All examinations were performed at least 3 hours after any analgesic or sedative medication had been administered. Preoperative and postoperative magnetic resonance imaging and computed tomographic scanning were not performed. Although intraoperative transcranial Doppler ultrasonography was performed on some patients, it was not used to determine the need for shunting or to count the number of emboli coming from the surgical field.
ANESTHESIA
No patients were premedicated. All patients received general anesthesia, with routine hemodynamic and temperature monitoring recorded continually every minute. Sedation before induction consisted of fentanyl citrate and midazolam hydrochloride. Anesthetic agents for induction included 1 or more of the following: propofol, etomidate, or thiopental sodium, and succinylcholine chloride, cisatracurium besylate, or rocuronium bromide; for maintenance: isoflurane or sevoflurane with nitrous oxide in oxygen in a 2:1 ratio, and cisatracurium or rocuronium; and for emergence: neostigmine bromide and glycopyrrolate for reversal of neuromuscular blockade, and labetalol hydrochloride or esmolol hydrochloride for hemodynamic control. For patients undergoing CEA, a radial arterial catheter for measuring blood pressure continuously and an 8-channel encephalographic monitor (Neurotrac II; Moberg Medical, Inc, Ambler, Pa) were used. Significant encephalographic change on clamping the carotid artery was defined as a 50% or greater decrease in amplitude in the alpha or beta frequencies and a similar increase in the delta or theta frequencies, or complete loss of all cerebral electrical activity. Anesthesia for patients having spine surgery was essentially identical to that for patients having CEA, except for higher mean dosages of fentanyl in patients undergoing spine surgery ( Table 1) .
SURGERY
All laminectomies were performed by a member of the neurosurgical spine service (P.C.M., J.G.M., or D.O.Q.), and all CEAs were performed by members of either the neurovascular service (R.A.S., D.O.Q., or E.S.C.) or the vascular service (G.J.T.). The surgery for CEA consisted of positioning the patient supine with the head in an extended midline position. An incision was made along a skin crease from just below the angle of the mandible to near the midline through skin, subcutaneous tissue, and platysma. The common, internal, and external carotid arteries were exposed and controlled. All patients undergoing CEA received 5000 to 6000 U of heparin sodium bolus. No patients were shunted. In patients operated on by one of us (G.J.T.), a saphenous vein patch was used and protamine sulfate reversal was given selectively.
Patientsundergoingspinesurgerywereplacedintheprone position. Following a midline incision, dissection through the paraspinal muscles was accomplished unilaterally in patients undergoing discectomy and bilaterally in those undergoing laminectomy. The microscope was used for visualization of Total deficit scores higher than 4.65 points represented significant cognitive dysfunction at day 30 after surgery (Figure, B) . Of the 48 CEA patients tested at day 30, 11 (23%) demonstrated significant cognitive decline, compared with the controls. Because 32 patients (40%) in the CEA group declined to complete the study at 1 month, we compared baseline performance scores between them and the 48 patients who returned. There was no significant difference in test performance on all 4 individual NP tests at baseline and at 1 day after surgery between these 2 subgroups of patients. The 2 subgroups differed with respect to 2 perioperative variables: the 48 patients who returned had a significantly higher incidence of previous stroke or TIA (PϽ.02) but a lower incidence of previous myocardial infarction (PϽ.004), compared with the patients who did not return. Six patients injured at day 30 were also injured at day 1 (PϽ.03, 2 test). No control patients had postoperative day 30 total deficit scores higher than 2 SDs above the mean. Despite the loss of 8 control patients at the 1-month follow-up, there was no significant difference in their test performance on all 4 individual NP tests at baseline and 1 day after surgery, compared with the 17 who returned. The control patients who returned were significantly shorter in stature than the patients who did not return (PϽ.02).
Of the 22 patients in the CEA group with significant cognitive dysfunction 1 day after surgery, 6 (27%) remained injured 1 month later. Ten patients who were injured 1 day after surgery declined their 1-month follow-up examination. Of the 58 patients who did not demonstrate significant cognitive dysfunction 1 day after surgery, 5 (9%) demonstrated significant cognitive dysfunction at 1 month. Nineteen patients who were uninjured 1 day after surgery declined follow-up.
Patients in the CEA group with significant cognitive dysfunction were compared with patients in the group without dysfunction. These 2 subgroups did not significantly differ with respect to perioperative variables (age, sex, educational level, or handedness), medical history (stroke or TIA, CEA, diabetes mellitus, or hypertension), surgical variables (side of surgery, contralateral carotid stenosis, duration of carotid cross-clamping, or duration of surgery), or anesthetic variables (fentanyl or midazolam dosage or intraoperative temperature). However, patients with a history of myocardial infarction were more likely to develop cognitive dysfunction following CEA than those without a history (PϽ.01). disk removal in 1 patient. Patients were returned to the supine position before extubation. No patients, in either the CEA or control groups, received blood transfusions.
All patients were extubated in the operating room and recovered for 1 to 3 hours in a postoperative care unit. After CEA, patients were transferred to the intensive care unit, where they stayed for 1 night. No patients having lumbar spine surgery required a stay in the intensive care unit. All patients remained in the hospital for 1 to 3 days for postoperative pain scoring and NP testing.
NP EVALUATION
Patients were assessed with a battery of NP tests. All examinations were administered by the same research assistant (R.S.), trained to administer and score these NP tests under the supervision of neuropsychologists (Y.S. and R.M.L.). Four raw scores were generated from the battery of 3 NP tests, which were chosen to represent a limited range of cognitive domains. Halstead-Reitan Trails parts A and B evaluated visual conceptual and visuomotor tracking by timing how long it took a subject to connect consecutively numbered circles with a single line (part A) and then connect the same number of consecutively numbered and lettered circles by alternating between the 2 sequences (part B). The Controlled Oral Word Association Test evaluated verbal fluency and provided information on the function of the dominant hemisphere ("left"). Patients were asked to generate as many words as they could beginning with 3 target letters (C, F, and L) in 1 minute. Their raw score was the sum of the words produced for all 3 letters. The copy portion of the Rey Complex Figure test was administered to assess perceptual and visuospatial organization and provided information on the function of the nondominant hemisphere ("right"). Patients were asked to copy the Rey Complex Figure to the best of their ability. 23 A standardized scoring system 24 was used to evaluate the presence of specific design features and the accuracy of their location. Although we would have preferred a more extensive battery, our population of older patients better tolerated this one because of its short administration time.
The degree of pain was assessed at the same time NP testing was performed, using an 11-point Numeric Pain Intensity Scale adapted from a previous study. 25 Patients with pain scores greater than 4 were excluded at the first follow-up, because of the confounding effect of pain on NP test performance.
22
STATISTICAL MEASURES
For each NP test, the change in performance was calculated by subtracting the baseline score from the postoperative score. A normative data set for these changes was derived from the control population for each NP test. The mean change and SD for the control population were then used to calculate a z score for each test: z score=(change score-mean change score spine )/SD of change score spine . To illustrate cognitive decline, a point system was used to transform negative z scores into points for each NP test. Points were assigned as follows: z scores Ն−0.5=0 points; Ͻ−0.5 to -1.0=1 point; Ͻ−1.0 to −1.5=2 points; Ͻ−1.5 to -2.0=3 points; Ͻ−2.0 to -2.5=4 points; Ͻ−2.5 to -3.0=5 points; and Ͻ−3.0=6 points. This test deficit score measured how far each patient's performance in the CEA group deviated from the mean performance of the control group. For each patient, the total number of test deficit scores was summed to produce the total deficit score. This total deficit score represents overall performance on the NP battery, while test deficit scores represent performance on individual NP tests. Group differences were compared by using the Satterthwaite modification to the unpaired t test because of differences in the variance of the measurement between groups. The Kolmogorov-Smirnov test was used to test whether the distribution of test and z scores between the control and CEA groups for each NP test was normal.
COMMENT
Using total deficit scores to measure NP performance, patients who underwent CEA sustained a significant decline on postoperative days 1 and 30, compared with a control group of patients having spine surgery. This decline was measured using a battery of 3 NP tests to evaluate language, attention, and perceptual and visuospatial organization. This persistent decline in performance was not seen in a previous uncontrolled study. 14 Numerous investigations spanning several decades have explored whether CEA affects postoperative NP performance. 27 One universal limitation of these studies was the absence of an appropriate control group to account for the effects of general anesthesia and surgery on NP performance. 19, 20 Some studies used nonoperative controls, 6, 7, 12, 28, 29 others used operative controls, 5,7,9,13 and still others used no control group at all. 8, 14, 15, 30, 31 Our 2 groups were well matched in perioperative variables, medical history, anesthetic variables, and perioperative pain levels. The only difference was that patients undergoing spine surgery required higher doses of fentanyl during surgery and were in more pain after surgery. However, increased doses of fentanyl would bias the data against the control group, causing them to perform worse on the NP tests, and we excluded patients with pain scores higher than 4 from our analysis. 22 Therefore, it is likely that factors specific to CEA, such as hemispheric cerebral ischemia or microemboli, may be responsible for the decline in NP performance.
When results of individual tests 1 day after surgery were examined, the CEA group patients performed significantly worse than did controls on the Rey Complex  Figure and Trails B tests. A significant decline on both of these tests occurred in only 6 patients (16%). This finding may support the hypothesis that different mechanisms of ischemia, focal vs hemispheric, are responsible for the postoperative cognitive decline following CEA. At 30 days after surgery, the CEA group performed significantly worse than did controls on only the Rey Complex Figure test .
Besides using a control group to determine the effects of anesthesia and surgery, NP performance in a control group was used to account for changes in NP performance that were due to the "practice effect," which arises when patients are repeatedly tested. Using the mean and SD of the change scores in the control group, z scores were calculated to measure how individuals in the CEA group performed compared with patients in the control group. By using a surgical control group, we avoided using less rigorous statistical methods, such as defining deficit based on a percentage decline, used in a previous study.
14 In addition, the severity of significant injury on individual NP test results can be quantified using test deficit scores, and overall injury can be quantified using total deficit scores.
For this study, significant cognitive injury was defined as a decline in performance that exceeded 2 SDs above the mean of the spine surgery cohort. Using this criterion, the NP performance of 24 (96%) of the control patients was within the normal (uninjured) range on postoperative day 1. All control patients performed within the normal range 1 month after surgery. Although most patients in the CEA group showed no change or improved NP performance after surgery, 22 (28%) demonstrated a significant decline in NP performance 1 day after surgery, and 11 (23%) of 48 were injured 1 month after surgery. There was also no difference in the incidence of cognitive injury with respect to the side of the †PϽ.05; CEA and spine groups are significantly different in terms of years of education (P = .01), previous stroke or TIA (P = .0003), and amount of fentanyl (P = .009). Although the thrust of this article was to highlight the incidence of patients who developed cognitive deficits, some patients undergoing CEA have experienced improved postoperative NP performance.
14 This improvement may have occurred because of relief of flow failure after CEA. Future studies may investigate cerebral blood flow before and after surgery and attempt to correlate relief of flow failure with improved NP performance after surgery.
Although we were concerned about the reduced number of patients at the second follow-up, there were no obvious differences in NP test performance on either baseline or first follow-up examinations among the CEA and control groups. The patients in the CEA group who returned for the second follow-up were more likely to have had a previous stroke or TIA and were less likely to have had a myocardial infarction. Except for shorter stature, the control patients who returned for the second follow-up were no different from the control patients who returned for the first follow-up only.
The battery of NP tests used in this study consistently reveals subtle cognitive decline following CEA, which persists for at least several weeks after surgery. These changes were apparently unrelated to anesthetic or perioperative factors. They represent subtle neurological deficits that arose as a result of the surgery itself, unrelated to overt clinical stroke. A, Total deficit scores at day 1: Higher total deficit scores represent a greater decline in performance. The cutoff for significant cognitive injury (5.46 points) at day 1 is 2 SDs above the mean of the control group (2.16 ± 1.65) and is depicted by the horizontal line. Based on this criterion, 22 patients (28%) have significant cognitive decline following CEA, compared with a control group of patients undergoing spine surgery. In the control group, lumbar spine surgeries included 21 (86%) undergoing laminectomy, 3 (12%) undergoing discectomy, and 1 (2%) undergoing microdiscectomy. B, Total deficit scores at day 30: The cutoff for significant cognitive injury (4.65 points) is 2 SDs above the mean of the control group (1.81 ± 1.42) and is depicted by the horizontal line. Based on this criterion, 11 (23%) of 48 patients have significant cognitive decline 1 month after CEA, compared with a control group of patients undergoing spine surgery.
